Objective High adalimumab serum concentrations do not result in better response in patients with rheumatoid arthritis (rA), suggesting overexposure. We investigated whether patients with adalimumab concentrations
IntrOduCtIOn
Biologic disease-modifying anti-rheumatic drugs (bDMARDs) have become important in the treatment of rheumatoid arthritis (RA) and improved prognosis. 1 2 Adalimumab, a monoclonal antibody targeting tumour necrosis factor (TNF), is frequently prescribed in RA. Several factors (such as immunogenicity) strongly affect its pharmacokinetics, resulting in a wide range of adalimumab concentrations at the approved dose. [3] [4] [5] [6] [7] Higher adalimumab concentrations result in better clinical response, but the curve plateaus around 5 µg/mL. 5 6 Thus, patients with steady-state trough concentrations above 5 µg/mL are most likely overexposed.
Identification of and acting on overexposure will reduce drug costs and possibly risk of adverse events. 8 9 We investigated whether we could prolong the interval by 50% in patients with RA with adalimumab trough concentrations of at least 8 µg/mL without affecting disease control.
MethOds study design, patients and intervention
This 28-week, open-label, randomised, parallel-group, non-inferiority trial was performed in the Amsterdam Rheumatology and immunology Center, location Reade, The Netherlands. A full description of the methods is provided in the online supplementary appendix. Briefly, adalimumab serum trough concentrations were determined in patients with RA (American College of Rheumatology 1987 criteria 10 ) who had been treated with adalimumab 40 mg every other week for at least 28 weeks and had no indication for adjustment of adalimumab treatment, discontinuation or a scheduled surgery in the next 6 months. Patients with concentrations above 8 µg/mL were randomly assigned (1:1) to prolongation of the interval to 40 mg once every 3 weeks (prolongation group) or to continuation of the standard interval of every other week (continuation group). Both groups were followed for 28 weeks to ensure new steady state of adalimumab concentrations. The treating rheumatologist could change co-medication during follow-up. Given the linear clearance of adalimumab, 5 the cut-off of 8 µg/mL was chosen to maintain concentrations above 5 µg/mL after interval prolongation to once every 3 weeks. The protocol was approved by the Slotervaart Hospital and Reade Medical Research Ethics Committee and was registered at the Dutch Trial Register (www. trialregister. nl) with trial number NTR3509. Patients gave written informed consent.
Outcomes
The primary endpoint was the change in disease activity score of 28 joints (∆DAS28-ESR) after 28 weeks. A clinically relevant ∆DAS28 was defined as 0.6 points or more. 11 Other outcomes included the change in clinical and simplified disease activity score (respectively CDAI and SDAI) and adalimumab concentration after week 28. Clinical and laboratory assessments were scheduled at baseline, 12 and 28 weeks (visits 1, 2 and 3, respectively) and adverse events were monitored during follow-up. Adalimumab serum trough concentrations were measured by ELISA previously described in detail. 6 
statistical analysis
The sample size calculation was based on the non-inferiority principle, to exclude a difference in ∆DAS28 ≥0.6 to the detriment of the prolongation group with a one-sided 95% confidence boundary and a power of 80%, resulting in a sample size of 102 patients. Given an anticipated dropout rate of 10%, 56 patients were calculated per group. In case of a difference in favour of the prolongation group, this difference would be tested for significance with a two-sided test (alpha 5%). T-tests were used for continuous variables and Fisher's exact tests for proportions. Unless otherwise indicated, analyses were by intention to treat.
results Patients
A total of 238 patients were assessed for eligibility for the study; 86 patients refused to participate and 5 were excluded (trial profile in online supplementary appendix figure S1). Out of 147 screened patients, 108 had an adalimumab concentration above 5 µg/mL (73%) and 55 patients (37%) above 8 µg/mL (figure 1); the latter were randomised. Fifty-four patients were included for analyses and 53 completed follow-up (baseline characteristics; table 1). Because of frequently recurring infections, 1 patient prolonged the dosing interval to every 3 weeks (decided by the treating rheumatologist) after 18 weeks in the continuation group. Methotrexate dose was changed by the treating rheumatologist in 6 patients and an intra-articular injection was given to 2 patients in the continuation group (online supplementary appendix; results). Although the inclusion period was extended with 2 years, the inclusion had to be stopped without reaching the target sample size. The main reason was a change in the institution preference policy for bDMARDs decreasing the number of eligible patients. The moment the study stopped, study staff had no knowledge of the accumulating study results. 
Clinical and epidemiological research disease activity
Mean DAS28 improved minimally in the prolongation group (∆DAS28 -0.14±SD 0.61, n=27) and deteriorated somewhat in the continuation group (∆DAS28 0.30±0.52, n=24; figure 2). The difference in ∆DAS28 at 28 weeks was 0.44 in favour of the prolongation group (95% CI -0.76 to -0.12; p=0.01). Seven patients (26%) in the prolongation group versus 10 patients (37%) in the continuation group had an increase in DAS28 ≥0.6 points after 28 weeks (p=0.56). Two out of these 7 preferred to return to the standard dose. Four other patients also preferred to return to the standard dose after interval prolongation (online supplementary appendix table S1). Results were similar for SDAI and CDAI (online supplementary appendix; results).
Adalimumab concentrations
In the prolongation group, mean adalimumab concentration decreased from 10.6±2.5 µg/mL to 6.6±2.0 µg/mL (n=26) at week 28 (figure 2). In seven patients, the concentration decreased below 5 µg/mL during 28-week follow-up. One of these 7 patients had an increase in DAS28 ≥0.6 and returned to standard dose. In the continuation group, the concentration decreased slightly from 10.4±2.4 µg/mL to 9.3±3.0 µg/mL (n=23); mean difference between the groups at week 28 was 2.6 µg/mL (95% CI 1.2 to 4.1; p=0.001).
safety and adverse events
Fourteen patients reported an adverse event in the continuation group and 2 patients in the prolongation group (online supplementary appendix table S2). No serious adverse events were reported.
dIsCussIOn
This study shows that adalimumab-treated RA patients with trough serum concentrations above 8 µg/mL can prolong their dosing interval to once every 3 weeks without an increase in disease activity. Considering mean change in disease activity, the prolongation group did well. Correspondingly, in most patients the adalimumab concentration remained above 5 µg/mL, previously shown to be the concentration needed to block TNF. 6 In the few patients where adalimumab concentrations decreased slightly below this level, it had no clinical consequences in the 28 weeks thereafter.
We observed an adalimumab concentration above 5 µg/mL in 73% of the patients. Avoiding overexposure is important in view of cost and possibly the risk of adverse events. 8 9 Overexposure as a result of high adalimumab concentrations is independent of disease activity since the cut-off of 5 µg/mL is observed in patients with active disease. For many patients in remission, concentrations lower than 5 µg/mL might be sufficient to remain in that state. [12] [13] [14] [15] [16] [17] This study has some limitations. Adalimumab treatment for at least 28 weeks was required for participation, but the median treatment duration with adalimumab was 5.5 years. As the concentration-response relationship is based on 28 weeks of treatment, we do expect interval prolongation to be possible shortly after initiation of adalimumab treatment. Although disease activity was no inclusion criterion, the study population comprised mainly patients in minimal disease activity state or remission. As noted above, we expect that a proportion of these patients could prolong the dosing interval even further. DAS28 was missing in 3 out of 6 patients at the time they returned to standard dose. In the scenario that these patients all had an increase in DAS28 ≥0.6, a total of 10 patients instead of 7 would have had a clinically relevant increase in disease activity. However, 10 patients in the continuation group also had an increase in DAS28 ≥0.6, suggesting such increases are part of the natural fluctuation in DAS28 during standard-dose treatment. 18 In addition, expectation bias is suggested by the fact that some patients elected to go back to standard dosing even though DAS28 had not increased to a relevant degree. Although DAS28 may be insensitive to relevant changes in the low disease activity range, we saw similar effects in SDAI and CDAI. Nevertheless, more sensitive outcomes might be necessary in future studies to detect flares. Another potential limitation is the failure to include the required number of patients. All patients treated with adalimumab at our centre were approached for the study. However, fewer patients than expected were treated with adalimumab and around one-third refused to participate. Fear for relapse after interval prolongation was an often heard reason. As it happened, post hoc power was more than sufficient to document non-inferiority because change in DAS28 was statistically in favour to the prolongation group.
Drug costs can be reduced by 33%, that is, €5000 yearly per patient based on the cost of standard-dose adalimumab treatment in the Netherlands. Beyond the scope of our study, similar concentration-response relationships have been published for adalimumab treatment in psoriatic arthritis and psoriasis, suggesting overexposure may be a feature in these diseases as well. 19 20 Moreover, this study demonstrates the potential benefit of therapeutic drug monitoring.
In conclusion, this study shows that patients with RA on adalimumab with serum trough concentrations above 8 µg/mL can safely prolong their dosing interval to every 3 weeks without loss of disease control.
Figure 2
Mean (SD) disease activity score of 28 joints (DAS28) and mean (SD) adalimumab concentration (µg/mL) after interval prolongation or continuation of the standard dose.
